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SUMVARY

Thi s docunent provi des guidance to the user of the U S. Fish and
Wldlife Service's Stream Network Tenperature Mdel (SNTEMP). Pl anning
a tenperature study is discussed in ternms of wunderstanding the
managenent objectives and ensuring that the questions wll Dbe
accurately answered with the nodeling approach being used.

A sensitivity analysis of SNTEMP is presented to illustrate which
i nput variables are nost inportant in predicting streamtenperatures.
This information helps prioritize data collection activities,
hi ghlights the need for quality control, focuses on which paraneters
can be estimted rather than neasured, and offers a broader
perspective on managenent options in terns of knowing where the
bi ggest tenperature response will be felt.

Al | of the mmjor input variables for stream geonetry
met eor ol ogy, and hydrol ogy are discussed in detail. Each variable is
defined, with guidance given on how to neasure it, what kind of
equi pnent to use, where to obtain it from another agency, and how to
calculate it if the data are in a form other than that required by
SNTEMP. Exanples are presented for the various forns in which water
tenperature, discharge, and neteorol ogical data are comonly found.
Ranges of values for certain input variables that are difficult to
nmeasure or estimate are given. Particular attention is given to those
vari abl es not commonly understood by field biologists likely to be
involved in a streamtenperature study. Pertinent literature is cited
for each variable, with enphasis on how other people have treated
particul ar problens and on results they have found.

Model calibration, verification, and validation steps are defined
and outlined, with neasures of "goodness-of-fit" given for conparing
simul ated stream tenperatures with observed val ues. The question of
how good is good enough is explored, and attention is given to the

ki nds of simulation and data reduction errors that one should be alert
for.

Sone special cases dealing with ice and reservoir tenperature are
menti oned. Special attention is given to understandi ng mcro-thermnal
habitats that act as inportant thermal refugia under |low flow

conditions; their causes, extent, and managenment inplications are
di scussed.

Alternative public domain stream and reservoir tenperature nodels
are contrasted with SNTEMP. A distinction is nade between steady-flow
and dynam c-fl ow nodels and their respective capabilities. Regression
nodel s are offered as an alternative approach for sonme situations,
w th appropriate mat hemati cal formnul ati ons suggest ed.



Appendi ces provide information on State and Federal agencies that
are good data sources, vendors for field instrunentation, and snall
conputer prograns useful in data reduction.
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| NTRODUCTI ON

Water tenperature has always been considered one of the nost
i mportant factors determ ning the geographic distribution of fish and
ot her aquatic organisns. Analysis of water tenperature reginmes has
| ately taken on added inportance, primarily for econom c reasons. A
recent newspaper article (Rocky Muntain News 1988) discusses the
construction of a $5.5 mllion reinforced-plastic curtain in northern
California's Shasta Damto transfer cool water fromthe reservoir into
the Sacramento River to prevent salnon heat death. Wthout this
curtain, the Bureau of Reclamation must rel ease water w thout passing
it through turbines at a cost of $70,000 per day in |ost power
revenue.

Anot her study (Croley et al. 1981) has shown that the increnental
cost of reducing thermal discharges to achieve a 3 °F (1.7 °C
reduction along the Mssouri and M ssissippi R vers would be about
$211 mllion per year. This study neasured power |osses, but did not
attenpt to quantify fish and wildlife gains. In contrast, a paper by
Theurer et al. (1985) devel oped a valuation of $0.6 mllion per year
for restoring a sal non population in the tenperature degraded Tucannon
River, a small Washington State river with a present worth of $6.9
mllion. Cearly, these are |arge nunbers, no matter which perspective
one chooses.

Recent climatic changes have caused the earth's surface to be
warmed by about 0.5 °C (0.9 °F) between 1861 and 1984, along with a
decrease in the diurnal tenperature range of about 1 °C (1.8 °F)
(Zoltai 1988). A future perspective on water tenperatures is even nore
interesting. The American Association for the Advancenent of Science
(1988) has concluded that scientists do not agree whether ¢l obal
warmng is a reality or not. But it feels that it is at |east prudent
to look forward to what changes nmmy be expected if the earth's
at nrosphere were to warmby 1.5-4.5 °C (3-8 °F) (Smmgorinsky 1982). In
addition to the flooding of coastal cities and other alarming |arge-
scal e problens, we mght expect both a | esser anount of precipitation
and higher air (and water) tenperatures, especially in the western
United States. If this were to occur, species now at the margins of
their thernmally defined geographic range may be expected to change
rather dramatically (Figure 1).

The purposes of this report are many. First, it is intended to
serve as a conpanion to another report in this series, Instream Fl ow
I nformati on Paper No. 16--Instream Water Tenperature Mdel (Theurer et
al. 1984), in which the theory and application of the Stream Network
Tenperature Mdel (and the SNTEMP set of conputer prograns) are
described. The information presented here will serve to broaden sone of
t he concepts and net hodol ogi es outlined in that publication, especially
in the area of field techniques and |aboratory analytical nethods.
Second, information and advice on other data collection procedures wll



CURRENT "TEMPERATURE-LIMITED" TROUT HABITAT

ol : i

rai nbow trout (Oncorhynchus
Range defined by upper

Figure la. Approximte "tenperature-limted" geographic range of
nykiss, fornerly Sal no gairdneri) under three scenarios: current conditions.
limt of 23.8 °C (75 °F) nean nonthly surface water tenperature. Figures derived from Hydrosci ence

(1971).



"TEMPERATURE-LIMITED"” TROUT HABITAT IF
GLOBAL WARMING OF 2.7°C

Figure 1b. Approxinmate "tenperature-limted" geographic range of rainbow trout under three
scenarios: assumng a 2.7 °C (5 °F) uniform gl obal warm ng.



"TEMPERATURE-LIMITED" TROUT HABITAT IF
GLOBAL WARMING OF 5.6°C

Figure 1c. Approximte "tenperature-limted" geographic range of rainbow trout under three
scenarios: assuming a 5.5 °C (10 °F) uniform gl obal warm ng.



be presented. Numerous questions always arise as to where and how i nputs to
any tenperature nodel can or should be obtained. For each nodel input, |
explain what it is, what's known about it, and how to neasure or estimate
it. Third, ideas on what constitutes proper calibration/validation for
tenperature nodels are discussed, as there seens to be a |lot of confusion
over these and simlar terns. | discuss what the ternms nean, how to do
things the "right" way, and when to do what. Finally, | give a brief review
of alternative tenperature nodels that may be used in place of the SNTEWP
set of nodels, and a brief review of reservoir and other water quality
nodel s that nmay be used in conjunction with streamtenperature nodels.

One reviewer noted that this report will not be a "bestseller”; its
audience is fairly specific, though the nmaterial is broad and diverse. It is
directed towards those who have at |east a general know edge of Theurer's
Stream Network Tenperature Mdel and want to beconme nore proficient in
planning field activities or engaging in simulation/analysis techniques.
O hers may benefit from information contained here, but that is not the
primary purpose.

PLANNI NG A TEMPERATURE STUDY

The Aquatic Branch is constantly rem nded by users of our nodels
especially the nore conplicated SNTEMP-type nodels, that we need to stress
the need for careful study design. We assune that this neans that there is
difficulty in making sure that you (1) are going to be answering the right
questions, (2) are using the right set of tools, and (3) can trust your
answers.

The Aquatic Branch has witten volunes on laying out a study plan
(Bart hol ow and Waddl e 1986) and scopi ng questions to ask (Bovee 1982). These
publications have not seened to dent the continued insistence that study
design is critical. Therefore, we can only conclude that adequate study
pl ans are not being assenbled. Sone have suggested that better prestudy
i nvol verent between all nenbers of the "team needs to be stressed. That is,
pl anners, field data collectors, nodelers, statisticians, decision makers,
regul ators, resource interests, developnental interests, and reviewers all
need ACTI VE invol venent to (after Henriksen, 1988):

(1) identify the managenent probl em (goals and objectives). Does this
study deal with water rights or flow reservations? Is it to
assess project inpacts, evaluate mitigation, or approve permnits?
If it is an inpact analysis problem what is the appropriate
baseline period with which to conpare inpacts? Are we at the
feasibility or operational stage in the planning process? Is this
a single project or a network of projects? Wwo are the players;
who has the lead? How "inportant” is this project; is there a lot
of resistance to a study of this type?

(2) identify the appropriate species/life stages of concern. Is this
a gane, sport, or commercial fishery problen? Is it a sensitive
or indicator species problen? Is it an endangered species
probl enf?



Is it a "guild" of species or a planned introduction? Are we
t al ki ng about a natural ly sust ai ni ng popul ation

suppl emental stocking, or a put and take fishery? Do we have
adequate |ife  history information for periodicity,
m crohabitat preferences, and water quality?

(3) identify the relevant variables to be neasured/predicted. Is
m ni mum mean, maxi mumtenperatures, or some conbi nation the
issue? |Is a daily, weekly, or nonthly averaging period
appropriate? Wat is the spatial extent of your study area?

(4) identify the appropriate criteria to enploy. Are we talking
about growth, nortality, trigger tenperatures, tenperature

change rates, "mninmunt flows, available fish habitat,
popul ation size, dollars, or comercial or recreationa
fishing effect? Do not proceed until criteria have been

formul ated and agreed to by all parties.

(5) identify the quantitative neasures for decision naking
(mles of sui tabl e stream t enper at ur e- condi ti oned
m crohabitat, hatching tines, etc.). How concerned mnmust we
be about accuracy and/or precision? Do different players
need different information to do their job?

(6) identify and evaluate the feasible solution nethods. Is
adequate information already avail able to nmake the deci sions
at hand? If not, what techniques wll best address the

guestions? |Is there a favored nethod whi ch has been used by
| ocal agencies? How nuch tinme, noney, and manpower can (or
shoul d) be devoted to the problem and sol ution analysis?
What is the tine frame for decisions to be nade? Can field
studi es be schedul ed? What are realistic nmanagenent options?

W hope that by getting all of the participants to reach a consensus on
t he above points, you will have cone a long way toward resolving the
i npedi nents that sneak up on otherwise well planned and executed
studies. The remminder of this dcunent is devoted to helping you
performat |east the tenperature analysis effectively and efficiently.

UNDERSTANDI NG WATER TEMPERATURE THROUGH SENSI TI VI TY ANALYSI S

Prior to any extensive water tenperature nodeling or analysis
activity, it is wise to understand the influences that various stream
geonetry, net eor ol ogi cal , and hydrol ogi cal conmponents have on
determ ning water tenperature. Such an understanding will better enable
you to (1) prioritize data collection activities, (2) know the degree
to which you should be concerned with quality control errors, (3) know
which paraneters can be safely estimated, and (4) broaden your
perspective of potential rmanagenent strategies. To further this
under st andi ng, we propose an initial consultation with a sensitivity
anal ysi s tool.



Sensitivity analysis of determnistic nodels is a valuable step
in any nodel application. There are several specific uses for
sensitivity analysis, sonme for the nodel builder and tester, and sone
for the nodel practitioner. Sensitivity analysis my be used to (1)
serve as an aid in confirmng that the nodel is consistent wth
theory, (2) show the effect that errors in each paraneter have on the
dependent variable (water tenperature), (3) identify those paraneters
that are sensitive to the degree that they warrant very reliable
measurenent, and (4) show the relationship between the paraneters
subj ect to managenent control and the dependent variable (Reckhow and
Chapra 1983). For our purposes, it will be valuable to learn where to
concentrate data collection efforts, and how to display the effect
that changes in flow, riparian shade, or channel characteristics have
on stream tenperature.

There are many ways of performng a sensitivity analysis on
determ nistic nodels. A conmon approach is a test in which a single
paraneter is systematically varied, while other paraneters are held
constant, and the response of the dependent variable is nonitored
This allows us to say, for exanple, "A unit change in X produces a Z%
change in stream tenperature."” A disadvantage of this technique is
that it does not allow the practitioner to say what portion of the
variance is attributable to a single paraneter if the other paraneters
are al so changi ng.

Table 1 illustrates the relative sensitivity of the key
paraneters used as input to nost tenperature nodels. This anal ysis was
performed for the SNTEMP nodel, many major conponents of which are
illustrated in Figure 2, but the results would be expected to be
simlar across other determnistic stream tenperature nodels. This
tabl e was generated by systematically varying the input paraneters and
noting the conditions associated wi th maxi mum changes in both nean and
maxi mum wat er tenperatures. This nethod gives a nore robust picture of
true sensitivities than varying a single paraneter for only one set of
other variables. It does not, however, explicitly consider the cross-
correl ati on between paraneters.

The paraneters in Table 1 are ordered down the page fromnost to
| east sensitive for the generalized stream being sinulated. O her
streans will behave differently, but the general pattern should remain
rel atively stable. There are sonme obvi ous exceptions, however, such as
the case of water tenperatures inmedi ately downstream of a reservoir
where the primary influence on tenperature is the rel ease tenperature
itself.

Paraneters were varied for a generalized stream segnent for an
idealized July <condition. The high and Iow values chosen to
characterize this streamare shown in the Table 2. Itens not shown in
Table 2 were reld constant; these values are: lateral flow, zero;
upstream el evati on, 100 feet; downstream el evation, zero feet; segnent
l ength, 10 mles; width's B value, .2; day length, 14.5 hours; and dam
at inflow, true. Cearly, a headwater stream or a large river's
paraneters woul d be different.



Table 1. Relative sensitivity of maxi mum and nean water tenperatures to various paraneters for a
generalized stream Sensitivity as depicted here 1s dinensionless. Please see text for an expl anation.

Wien t hese associ ated paraneters are conbi ned as shown:

Water tenperature To changes In these Stream Inflow Wdth/ Ther nal Air Rel ati ve W nd Sol ar Per cent
is: vari abl es: fl ow t enp. dept h gr adi ent t enp. hum dity speed radiation shade

Very Sensitive Air Tenperature | ow | ow hi gh hi gh hi gh

Moder at el y Per cent Shade | ow hi gh | ow hi gh
Sensitive

Moder at el y Rel ative Hum dity | ow | ow hi gh hi gh | ow
Sensitive

Moder at el y Stream Fl ow | ow | ow hi gh hi gh | ow
Sensitive

Moder at el y I nfl ow Tenperature high hi gh | ow | ow | ow hi gh
Sensitive

Moder at el y Stream W dt h | ow | ow hi gh hi gh | ow
Sensitive

Rel atively Sol ar Radi ati on | ow hi gh | ow | ow | ow
I nsensitive

Rel atively Travel | ow | ow hi gh | ow
I nsensitive Ti me/ Roughness

Rel ati vel y W nd Speed hi gh | ow hi gh hi gh hi gh
I nsensitive

Rel atively Ground Tenperature | ow hi gh hi gh | ow
I nsensitive

I nsensitive Per cent Possi bl e | ow hi gh hi gh | ow | ow

Sun
I nsensitive Thermal G adi ent | ow hi gh hi gh hi gh
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Tabl e 2. Range of input values used to determine relative sensitivity
of SNTEMP

Par anet er Low val ue H gh val ue Units
I nfl ow 10.0 20.0 cfs
I nfl ow tenperature 6.0 12.0 °C
Roughness . 035 . 055 NA
Wdth's A 13.5 18.0 NA
Ther mal gradi ent 1.5 1.8 j/nt/sec/°C
Air tenperature 65.0 85.0 °F
Rel ative hum dity 40.0 70.0 per cent
W nd speed 6.0 9.0 nph
Percent possi bl e sun 60. 0 80.0 per cent
Sol ar radiation 495.0 630.0 Langl eys
Segnent shade 25.0 75.0 per cent
Ground tenperature 10.0 16.0 °C

In Table 1, water tenperature is very sensitive to changes in air
tenperature when streamflowis low, inflow tenperature is |ow, w dth-
to-depth ratio is high, relative humidity is high, and wind speed is
hi gh. Water tenperature nmay be sensitive to air tenperature when these
conditions are not present, but it will not be as sensitive.

Water tenperature is insensitive to changes in thermal gradient
all the tine. However, changes in thernmal gradient cause the nopst
change in water tenperature when stream flow is |low, w dth-to-depth
ratio is high, air tenperature is high, and relative humdity is high
Note that the entry for travel tine/roughness applies only to nmaxi num
wat er tenperatures; it does not effect nmean daily water tenperatures in
t he SNTEMP nodel

Another way to look at the relative sensitivity of water
tenperature to changes in nodel variables is to plot the absolute
change in predicted tenperature produced by varying the paraneters
t hrough the sane conbinations displayed above. The range of val ues so
produced can be large. It is instructive to plot the data by quartiles,
showi ng the m ninum maxi rum and nedi an val ues. Graphs for the nean
and maxi nrum wat er tenperatures are shown in Figures 3 and 4. The val ues
for mean and maxi mum are simlar except for shade, solar radiation, and
roughness.

10



SENSITIVITY OF MEAN DAILY WATER TEMPERATURE
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Figure 3. Sensitivity of the SNTEMP nodel's predictions of nean
daily water tenperature to changes in various input paraneters.

SENSITIVITY OF MAXIMUM DAILY WATER TEMPERATURE
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Figure 4. Sensitivity of the SNTEMP nodel's predictions of maximm
daily water tenperature to changes in various input paraneters.
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Previ ous authors suggest that factors other than flow largely
dictate water tenperatures (Jowett and Mosley 1983; Laenen and Hansen
1985). Few authors have dealt with the sensitivity of water tenperature
models to a variety of paranmeters® (More 1967, Crittenden 1978).
Crittenden's (1978) sensitivity analysis differs from ny exanple and
fromother authors' in several respects. First, he varied only a single
paraneter at a time, and second, the nodel he used was devel oped sol ely
for predicting equilibrium tenperatures in small, unshaded, |[|ow
gradient streans with little groundwater inflow H's results indicate
that wind speed and the thermal properties of the substrate are the two

nost sensitive paraneters. | find these conclusions suspect because
these two paraneters were varied over two orders of magnitude in the
case of wind and one order of magnitude for thermal diffusivity. | do

not believe these are reasonable variations for "real wor | d"
applicati ons.

In sunmary, | strongly advise that a sensitivity analysis, even
if crude, be perforned prior to any field work or other data collection
to determ ne which paraneters deserve special attention. Do not take
t he exanpl es given here as necessarily indicative of your situation.

DATA GATHERI NG AND FI ELD TECHNI QUES

Armed with a general know edge of which paranmeters are npst
likely controlling water tenperature, we can proceed to the discussion
of individual nodel paraneters--what they nean and how to estimate
them Qur discussion will be divided into three major groups: stream
geonetry, meteorol ogy, and hydrol ogy.

STREAM GEQVETRY COVPONENTS

El evations, distances, and stream wi dths are fundanental stream
geonetry neasurenents. These get respectively nore sensitive and al so
nore difficult to calculate accurately.

El evati ons

Hevations are inportant in tenperature nodeling for (1) calculating the
slope resulting in heat fromfriction, (2) calcul ating the atnospheric pressure
an inportant element in heat convection, (3) calculating the depth of the
at nospher e t hrough whi ch sol ar radi ati on passes, and (4) translating known air

! When reviewing their work, it is well to renenber that there may not
be an adequate distinction between air tenperature and solar radiation.
Accordingly, there may be confusion between proximate and ultimate causes in
the sense that short wave solar radiation warms the air, which in turn emts
long wave thermal radiation. In terns of heat flux, atnospheric radiation
domi nates nost of the time, especially in the sumer. OCccasionally, the
sensitivity discussion in the literature nust be interpreted as sensitivity of
maxi mum dai |l y water tenperatures, not nean daily.
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tenperatures and relative humdities to points of known elevation
Though any of these nmajor processes nay be of great inportance, none
are individually sensitive to small errors in elevation. Thus,
el evations nay be taken fromreadily avail abl e topographic maps even
t hough contour intervals on sone maps nay be 40 feet and low relief
terrain may not have easily discernable elevations. The nost difficult
task nmay be identifying where sone station or node actually is on the
map. For exanple, field work may have indicated significant changes in
the distribution of riparian vegetation not apparent on the nmap. Be
wary of trying to nodel very steep gradient, alnost waterfall,
situations; SNTEMP may dramatically overestimate heat flux due to
friction if the streamwdth is too narrow.

Di st ances

Stream di stances are inportant in calculation of heat transport.
Di stances basically translate to travel time and thus exposure tine to
all of the heat flux conditions. Aside fromriver mle indices that
may be available, maps or aerial photos of known scale provide the
easiest way to estinmate distances. D stances can be a source of nodel
bias if consistently over- or underestimated. Streans, being sinuous,
can be tricky to neasure reliably using a map and a nap wheel,
especially if the map has been protected with an acetate cover. It is
best to nmeasure the segments repeatedly, using a paper map, and take
an average. In cases where you are aware that a schematic map does not
convey the true sinuosity, it nmay be advisable to multiply the
nmeasurenment by a "fudge factor"” to account for the difference. It
woul d be better to use aerial photos in this situation.

If a tenperature analysis is being conducted in conjunction with
a Physical Habitat Sinmulation Mdel (PHABSIM analysis (MIhous et al.
1989), actual surveyed or paced stream segnent distances nmy be
avail able, especially if the detailed "habitat napping" approach
(Morhardt et al . 1983) is being used. It is always preferable to
nmeasure the distance the water is actually flow ng. Al so, distance may
actually change as a function of flow If Jlarge changes are
anticipated, adjustnents to nodel distances nust be nmade in a fashion
anal ogous to PHABSI M hi gh-flow and | owflow nodels. That is, one set
of data is used to describe the high flow conditions, one set the | ow
flow.

Stream Wdth

Stream wi dth can be a very sensitive paraneter (recall Figures 3
and 4) in nodeling water tenperatures. Al of the heat flux activities
take place at either the air-water interface or the water-ground
interface, both of which are as wide as the wetted stream wi dth. At
| east one paper (Dynond 1984) attenpts to develop a sinple nonenergy
bal ance nodel that predicts change in tenperature based solely on
changi ng the fl ow and hence width (depth) and tine-of-travel

The SNTEMP series of nodels enploys a width as a function of flow
relationship in the form of

W=a @
where W= width (m



Q = di scharge (cns)
a and b = enpirically derived coefficients

It is apparent that this formulation has the follow ng properties.
First, if b equals zero, the "a" term becones the wi dth. Second, the
width will be zero if the flow is zero, not accounting for pools.
Third, the relationship between width and flowis linear if plotted on
a log-1og scale.

The best procedure to develop this relationship is as follows.
First, obtain several (three or nore) sets of wdth and flow
nmeasurements at random points along each stream segnent. This may be
acconplished in the field or from output from the HABTAT (or related
nodel such as AVDEPTH) portion of the PHABSI M nodel s, which will report
the total stream surface area (per 1,000 feet of stream) as a function
of flow on the so-called HAQF output file. Care should be taken to nake
sure weighting factors are applied to represent the entire segnent and
that river bends are accounted for if necessary (program ADDBEND,
M|l hous et al., in press). Second, take the natural |og of both w dth
and di scharge and perform a standard linear regression with discharge
bei ng the independent variable. The antilog of the intercept should be
conputed, not forced to zero, because it will be equal to the "a" term
in the relationship. The "b" termw Il be the coefficient (slope) of
the regression; the antilog of "b" should not be taken because it is a
unitless term Note that this analysis nay be done in any units system
you choose as long as they are consistent (Figure 5). Appendix C
presents the skeleton of a Lotus 1-2-3 worksheet useful for doing this
anal ysi s.

Sonme authors (Currier and Hughes 1980) have argued that the w dth
shoul d only be nmeasured for flowing water. Large pools with little or
no flow, they state, do not influence the tenperature of flowi ng water.
I concur that areas of limted heat interchange nay be omtted from

width calculations. However, in areas where much of the flow goes
t hrough deep pools with little velocity, the width should not be
adjusted. Wiat is nore inportant, | believe, is weighting the

forrmul ation of the coefficients toward the flow regi ne of inportance.
If you know, for instance, that you need the nbst accurate nodel for
low flow conditions, only put low flow width neasurenments into your
regression. Snmall braided streans will require nore accurate field
nmeasurenments (Currier and Hughes 1980).

If you cannot develop a wdth-flow relationship, set the b
coefficient to zero and enpl oy an average wi dth.

Manni ng's n

This is a nmeasure of the roughness of the streanbed and channel,
which causes flowing water to backup due to friction, and is a
necessary conponent of the SNTEMP nodel in predicting daily maxi mum
water tenperatures. At lower flows, the roughness tends to be due
primarily to the stream bottom characteristics; as the flow increases,
the whole channel shape, including river bends and constrictions,
becones domi nant. Therefore, Manning's n is not constant with
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changi ng flow, even though SNTEMP considers it a constant. Though there
are guidelines an experienced hydrologist can use in determning
roughness, the confidence interval surrounding such estimates is likely
to be large (Platts 1981). Use of a step-backwater hydraulic sinmulation
nodel, such as the Water Surface Profile (WSP) nodel (M I hous et al.
1988), may be a better nethod to estimate n. The use of a regression-
type hydraulic nodel, such as IF&4 (M1l hous et al. 1989), however, is
not recomended; the "n values" used in this type of nodel are really
"conveyance factors" and not true estimates of channel roughness.

Travel Tine

Travel tine is an alternative to Manning's n. Travel tine is the
inverse of velocity. If velocity is neasured in units of length per
time, then travel tine is neasured in units of tinme per length, such as
seconds per Kkiloneter in the SNTEMP nodel. Stream velocity, and
therefore tinme of travel, vary with discharge. The relationship takes
the form

Travel Tine = a Q
where a and b = enpirically derived coefficients
Q = di scharge

Note that the exponent b may itself vary as the flowcontrol varies
with discharge. For exanple, the stream may change from a fundanenta
pool -riffle control to a channel control as the discharge increases.
Consequently, three or nore tinme-of-travel neasurenents may be
necessary, depending on the range of flows of interest. If no control
change takes place, a travel tine vs. discharge plot may be constructed
(Figure 6). If a control change is evident, such a plot would itself be
curvilinear (Hubbard et al. 1981). Travel tine nay be either estinated
or neasured for steady or gradually varied flow conditions.

Oten, travel tine estinates are available from power/water
conpanies. |If travel tine nust be estimated fromvery limted data, the
following enpirical relationships, adapted from Boning (1974), nmay be
used. These relationships were developed from 873 independent
measurenments throughout the United States. Note, however, the large
standard errors invol ved.

Pool and R ffle Reaches (standard error = 40%

TT =1/ (0.38 @%) * g%
Channel -Control | ed Reaches (standard error = 26%
TT =1/ (2.69 Q%) * =
where TT = travel tinme (s/ft)
Q

S

flow (cu.ft./s)

sl ope of streambed (ft/ft)
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Figure 6. Variation in travel tinme versus discharge for selected
sites along a stream Reproduced from Hubbard et al. (1981).
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The sinplest, but nost error prone, nmethod of neasuring trave
time is the floating object nmethod (Hamilton and Bergersen 1984). Its
use is limted to straight and uniform stream segnents, w th m ni num
surface waves, on w ndless days. Floating object is a msnoner, for
appropriate objects actually are imrersed between one fourth of the
depth and the bottom and do not float on the surface. (In a pinch, a
group of oranges may be used.) Establish three to five transects, far

enough apart to actually neasure an elapsed tine. Internediate
transects provide double-checks on the estimtes obtained. Several
trials will be necessary, with the floats positioned at severa

| ocations across the initial transect, with the final answer being the
nean tine. Finally, multiply the nean velocity of a reasonably snooth
streamby 0.8 to obtain the average, m dcolumm velocity.

If a concurrent or previous PHABSIM study is available for the
study stream the detailed output fromone of the hydraulic nodels may
be examined and a nean travel tine calculated from the total cross-
section area divided by the discharge at each transect. According to
one source (Hubbard et al. 1981), this nethod wll tend to
underestimate the travel time unless a weighted nmean is conputed by
gi ving proportional weight to the length of streamrepresented by each
transect (i.e., habitat mappi ng approach).

The next nost accurate nethods are probably routing studies or
colored dye studies. In a routing study conducted bel ow a controll ed-
rel ease i mpoundnment, an abrupt increase in flow followed by an abrupt
decrease to the previous base flow is made. Staff gages, or stage
recorders, |located at downstream transects record the sequentia
passage of the release wave. Travel time is conputed fromthe tine of
peak stage to peak stage between transects. Different base flows nust
be used to develop a travel tine vs. flow function (Waddle 1987).
Col ored dye studies involve the instantaneous pouring of fluorescein or
pot assi um permanganate into the stream far enough above the upstream
transect to permt conplete |ateral dispersion. Dye behaves nuch the
sane as water nolecules and noves on the average at the sane rate as
water. Travel time is conputed by estimting the tine when the "center
of the color mass" passes the downstream stations. Considerable
judgnent is usually required to best gage the tinme at which the "best
color" is reached. Experinentation is often necessary to achieve
concentrations strong enough to be easily neasured, but weak enough to
not cause downstream conpl aints. See Ham | ton and Bergersen (1984) for
nore details.

The cadillac of nethods is the true fluoronetric dye study
(Hubbard et al. 1981). The details and equi pnent are conplicated and
relatively expensive. A fluoronmeter is used to neasure the |ight
emtted froma fluorescent dye. The dye is selected for properties such
as detectability, toxicity, solubility, and cost. The currently
reconmended dye is rhodamne WI, specifically fornmulated for water
tracing. Concentration-time plots (Figure 7) may be constructed in a
detail ed dispersion study, or nore sinple peak-to-peak concentration
times may be adequate in a less costly study. Ri gorous standards nust
be net for injecting these dyes into water bodies that have water
wi t hdrawal points |eading to human consunption. Significant effort is
i nvolved in successfully inplenenting a dye study of this sort. You
shoul d seek assistance from a hydrol ogi st experienced in this type of
st udy.
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Figure 7. Schematic of dye concentration versus time show ng

di spersion during tine-of-travel study. The X-axis al so nay be
interpreted as proceeding downstreamfromleft to right. Thus the
maghi t ude of the concentrati on becones attenuated through tinme (and
space). Travel tinme is neasured from peak concentration to peak
concentration. Reproduced from Hubbard et al. (1981).

SNTEMP works with either